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Snowflake Divertor in NSTX

Experimental results from NSTX indicate that the snowflake divertor (D. Ryutov,
Phys. Plasmas 14, 064502 (2007)) may be a viable solution for outstanding tokamak
plasma-material interface issues. Steady-state handling of divertor heat flux and di-
vertor plate erosion remain to be critical issues for ITER and future concept devices
based on conventional and spherical tokamak geometry with high power density di-
vertors. Experiments conducted in 4-6 MW NBI-heated H-mode plasmas in NSTX
demonstrated that the snowflake divertor is compatible with high-confinement core
plasma operation, while being very effective in steady-state divertor heat flux mit-
igation and impurity reduction. A steady-state snowflake divertor was obtained in
recent NSTX experiments for up to 600 ms using three divertor magnetic coils. The
high magnetic flux expansion region of the scrape-off layer (SOL) spanning up to
50 % of the SOL width A, was partially detached in the snowflake divertor. In the
detached zone, the heat flux profile flattened and decreased to 0.5-1 MW /m? (from
4-7 MW /m? in the standard divertor) indicative of radiative heating. An up to 50 %
increase in divertor P,,q in the snowflake divertor was accompanied by broadening
of the intrinsic C IIT and C IV radiation zones, and a nearly order of magnitude in-
crease in divertor high-n Balmer line emission indicative of volumetric recombination
onset. Magnetic reconstructions showed that the X-point connection length, divertor
plasma-wetted area and divertor volume, all critical parameters for geometric reduc-
tion of deposited heat flux and increased volumetric divertor losses, were significantly

increased in the snowflake divertor, as expected from theory.
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Snowflake Divertor in NSTX
I. INTRODUCTION

The interface between a high-temperature magnetically-confined fusion energy (MFE)
plasma and a material surface (wall) surrounding the plasma remains to be an outstanding
research issue. Presently, a magnetic X-point divertor is envisioned for the plasma-material
interface (PMI) in both prospective MFE reactor devices - tokamaks and stellarators’?. In
the X-point divertor, a region of open magnetic field lines (the scrape-off layer (SOL)) that
surrounds the confined plasma is magnetically diverted away to a separate divertor cham-
ber. The magnetic configuration enables energy and particles lost from the confined core
plasma due to radial transport and magnetohydrodynamic instabilities (e.g., edge localized
modes (ELMs)) to be directed to the divertor that acts as the PMI. The steady-state peak
heat flux endured by the divertor chamber surface is limited by the present day divertor
material and active cooling technology constraints at g, < 10 — 20 MW /m?. At higher
heat fluxes the plasma facing component (PFC) lifetime and structural integrity are at
risk due to increased material erosion rates and thermal stress. Additional divertor func-
tions include maintaining the divertor plasma conditions compatible with high-performance
high-confinement (H-mode) core plasma, high-pressure pedestal as well as pedestal region
MHD stability for an acceptable edge localized mode (ELM) regime, and providing impurity
control and hydrogenic fuel pumping capabilities.

In the collisional SOL plasma, heat transport parallel to the field lines is often dominated
by classical electron and ion conduction, whereas micro-turbulence and intermittency set the
cross-field heat and particle transport!' >, A fundamental parameter for SOL heat transport
I8 Ay, the scrape-off layer (SOL) power width determined by cross-field and parallel heat
transport balance. The SOL power width defines the heat fraction that flows to the divertor,

69 At the divertor strike point

as recently emphasized by a number of tokamak studies
(SP), peak heat flux g, can be approximated by a ratio of the power transported to the
SP (numerator below) to the divertor plasma-wetted area A, (denominator below) (e.g.,

Ref.1?)
Pheat (1 - Frad)Fout/tothown/tot(l - prr) sin «
27TRSPfezp)\qH

where Peq is the input heating power, Froq, Fiown/tots Foutstot, Fppr are fractions of power

(1)

ka ~

going to radiation, lower divertor, outer divertor, and private flux regions, respectively; «

is the divertor plate poloidal tilt angle (a deviation from an orthogonal plate); and Rgp is
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the strike point radius. The poloidal magnetic flux expansion f.,, - a measure of SOL flux
tube flaring in the divertor - is defined as feup = (By/Biot)mp ((By/Biot)outersp) ', Where
B,, By, are the poloidal and total magnetic field at, e.g., the outer SP, and mid-plane (MP)
locations.

The divertor heat and particle flux mitigation solutions developed and tested in large
tokamaks include active techniques, e.g., impurity or Dy seeded radiative divertors, field
ergodization and strike point sweeping, and passive techniques, e.g., the number of divertors
and divertor geometry'™. These solutions, as illustrated by Eq. 1, aim to reduce the parallel
heat flux g by volumetric power loss processes or SOL power partitioning between divertors,
and reduce the heat flux q4;, deposited on the PFCs by increasing the plasma-wetted surface
area.

The spherical tokamak (ST) is viewed as a candidate concept for future fusion and nuclear

12 Divertor experiments in NSTX, a high-power density large ST

science applications
(R =0.85 m; a = 0.65 m) with graphite PFCs'*!* have demonstrated the features of the
inherently compact ST divertor. ITER-scale steady-state peak divertor heat fluxes g, < 15
MW /m? and ¢ < 200 MW /m? have been measured in I, = 1.0 — 1.2 MA discharges heated
by 6 MW neutral beam injection (NBI)®. As a result of this and other ST- or NSTX-specific
geometry features, e.g., a small in/out SOL power ratio, a small divertor PFC area, an
open divertor geometry and reduced divertor volumetric (radiated power and momentum)
losses, a reduced operating space of the radiative divertor technique, has been observed!®!7.
For future applications, novel integrated approaches are sought since the radiative divertor
technique alone is limited by the divertor radiated power which does not scale favorably
with higher input power or lower density expected in future MFE devices (e.g., Refs!®19).

Whereas a number of innovative divertor geometry concepts have been put forward in the
20-23)

past (e.g., , two new divertor geometries with attractive heat flux handling properties - a

Super-X divertor!?24

and a snowflake divertor? - have received much attention recently. The

25-28 yses a second-order poloidal field null created by

snowflake divertor (SFD) configuration
merging, or bringing close to each other, two first-order poloidal field null points (X-points) of
a standard two-coil divertor configuration. A poloidal cross-section of the obtained magnetic
flux surfaces with a hexagonal null-point has an appearance of a snowflake.

Initial results obtained with the SFD configuration in the TCV and NSTX tokamaks

demonstrate that this novel divertor geometry may hold promise for outstanding pedestal,
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ELM, and PMI issues, and can be used as a laboratory for pedestal MHD stability and

29-34

divertor physics studies in existing tokamaks In the initial NSTX experiments, two

divertor coils were used to create and maintain the SFD configurations for periods 50 < ¢ <
150 ms, enabling an initial confirmation of the SFD properties predicted by theory?®33:34,
In this paper, we discuss new SFD experiments in NSTX that took advantage of improved
configuration control and diagnostic capabilities, and enabled a comprehensive experimental
study of the SFD as well as initial comparisons with edge transport modeling. The paper
is organized as follows. Section II describes how the new three-coil SFD configuration was
developed, obtained, and controlled on NSTX. In Section III we discuss core, pedestal,
and divertor properties of the SFD discharges. Section IV describes predictions of a two-

dimensional edge transport code for the standard divertor and the SFD. Implications of the

NSTX results for the SFD concept are discussed in Section V.

II. MAGNETIC PROPERTIES AND CONTROL

In the SFD, the poloidal field B, increases with distance as r? in the vicinity of the
second order null (vs r in the vicinity of a first order null in the standard divertor, r being
the distance from null), thus leading to (1) a higher poloidal magnetic flux expansion at the
divertor (a higher plasma-wetted surface area); (2) a longer X-point connection length L,;
(3) a higher divertor flux tube volume?®?®; and (4) four separatrix branches with four strike
points. In this section we discuss how these SFD properties were attained in NSTX.

The SFD magnetic equilibria have been simulated for several tokamaks with exist-
ing divertor coils?”. The number of divertor coils needed for the SFD can be as few as
two, an attractive feature for future reactors due to engineering and neutron constraints.
Whereas an ideal snowflake configuration comprises a second-order null which is topologi-
cally unstable?%2®, two derivative configurations are of practical interest: a SFD-plus, where
the divertor coil currents slightly exceed those of the ideal SFD case, and a SFD-minus,
where the corresponding divertor coil currents are slightly lower?®. Active magnetic control
of the SFD configuration is essential in order to maintain and adjust divertor coil currents
in real time in response to time-dependent electromagnetic effects.

Modeling of the SFD magnetic configurations with the predictive free-boundary axisym-

metric Grad-Shafranov equilibrium code ISOLVER in the NSTX geometry suggested that
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FIG. 1. Poloidal flux contours in the standard (a) and the asymmetric snowflake-minus (b) divertor
configurations. Shown are ¢y separated by 3 mm in the mid-plane. Poloidal magnetic field
distribution in the standard (c) and snowflake (d) configurations. Visualization of the field line on

the flux surface ¢y = 1.005 in the standard divertor (e) and the snowflake divertor (f).

utilization of three existing lower divertor coils may be beneficial for SFD stability. Previ-
ously, both the SFD-plus and the SFD-minus configurations were obtained in NSTX with
two existing divertor coils operated in a real-time feedback control mode using the plasma
control system (PCS) and a strike point control algorithm>3¢. The scenario used a medium
triangularity (6 ~ 0.5 —0.6) shape maintained by the PCS through an real time EFIT-based
isoflux control algorithm. The new modeling guided the experimental implementation of the
three-coil SED in NSTX. The ISOLVER code used the boundary shape, and the normalized
plasma pressure and current profiles from an existing high triangularity discharge (similar
to the one shown in Fig. 1 (a) to compute the plasma contribution to the flux ¢ on a flux

surface. Dynamic effects, e.g. the time-dependent plasma inductance, ohmic transformer
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FIG. 2. Time histories of (a) plasma current I,; divertor coil currents (b) PF1A; (c) PF1B; (d)
PF2L; (e) X-point flux expansion in the standard divertor (black lines) discharge and the SFD (red

lines) discharge.

flux leakage, and variations in divertor structure eddy currents, as well as the plasma edge
current, were not included in the ISOLVER model. Referring to Fig. 1 (a), three existing
divertor coils PF1A, PF1B, and PF2L with realistic coil currents in the kA range were used
to design SFD-minus configurations. The key to the magnetic configuration stability of the
three-coil SFD was the use of the middle coil PF1B in reversed polarity with respect to the
coils PF1A and PF2L, resulting in a region of opposite magnetic flux in reference to the flux
created by the other two divertor coils. This flux region "wedged” between the two nulls

and stabilized their relative motion.

The SFD magnetic properties predicted theoretically?® have been realized in the three-
coil SFD in NSTX. Shown in Fig. 1 (a, b) are the poloidal magnetic flux maps of the typical

standard divertor and the asymmetric SFD-minus configurations obtained in the experi-

7



Snowflake Divertor in NSTX

141228

141237
0.634000 s -2+

09520005 =2 : / I ‘ 07270005 =2
E - 2

139509
0.781000 s

vl by

0 05 10 15 0 05 10 15 0 05 10 15 0 05_ 10 15
( m m m

FIG. 3. Examples of SFD-minus configuration failure modes on NSTX. (a) poloidal field nulls too
far; (b) poloidal field null positions too close to divertor plate leading to separatrix touching the
PFC; (c) null orientation distorted leading to poloidal flux reconnection and a transient SFD-plus;
(d) further motion of secondary null inward from (c) leading to an additional SOL line reconnection

and a formation of the SFD-minus in the inner leg.

ment. Figs. 1 (a, b) illustrate that the divertor flux expansion was significantly increased.
Considering the 3-mm flux tube adjacent to the separatrix, its expansion was up to a factor
of 4 higher in the SFD with respect to the standard divertor. The poloidal magnetic field
strength is shown in Fig. 1 (¢, d). The SFD configuration had a larger region with low
B, <0.04 T; it extended over most of the outer and inner divertor legs as well as penetrated
deeper into the pedestal region. Magnetic field lines (Bj,) corresponding to the normalized
poloidal flux ¥y = 1.005 (approximately R — R, = 1.5 mm in the mid-plane) are visual-
ized in Fig. 1 (e, f) for the two configurations. The longer magnetic field line length (several
more turns in the divertor) in the SFD is clearly visible. Quantitatively, the connection
length was by up to a factor of 2 higher in the SFD with respect to the standard divertor
configuration. For comparison, the connection length in the lower flux expansion region
(e.g., ¥y = 1.015, or approximately 5 mm in the mid-plane) in the SFD was as short as in
the standard divertor configuration. A short divertor connection length is a characteristic

feature of the standard divertor in the ST,

The new SFD experiments used a well-developed highly-shaped standard divertor dis-
charge scenario (e.g., Ref.3") aiming to integrate the SFD into high-performance long-pulse
scenarios®®. The shaping parameters and wall clearances were controlled with the PCS
throughout the entire discharge, while the divertor coil currents used pre-programmed wave-

forms. Divertor coil current time histories in the SFD discharge are shown in Fig. 2. The
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SED discharge scenario used a standard startup, single X-point formation, and the standard
divertor configuration before 350 ms. The PF1B and PF2L coil currents were ramped to
their nominal SE'D values over a transition period that lasted about 200 ms. The asymmetric
SFD-minus configuration was established at about 600-650 ms, and lasted for up to 500-600
ms, as evidenced by, e.g., the X-point flux expansion f.,, increase calculated by the EFIT
magnetic reconstruction code® (Fig. 2 (e)).

Because of the dynamic effects mentioned above, operation with pre-programmed diver-
tor coil currents occasionally led to departures from the desired SFD configurations. Fig. 3
illustrates most common SED failure modes obtained in a number of SFD development dis-
charges, where divertor coil currents were adjusted to obtain a stable SFD scenario. If Ippip
and Ippay, were too low, the SEFD-minus was never realized; instead, a high-triangularity stan-
dard divertor configuration with a secondary X-point lingering in the SOL periphery was
obtained (Fig. 3 (a)). If the Ippor was too high, the SFD-minus became too asymmetric
and the secondary X-point brought the separatrix in contact with divertor PFCs (Fig. 3
(b)). Having Ippi4 too high resulted in an unstable SFD-minus configuration that quickly
transitioned to the SFD-plus (Fig. 3 (c), and then often to the asymmetric SFD-minus with
the secondary X-point on the inner side with respect to the primary X-point (Fig. 3 (d)).

Active magnetic control of the SFD configuration is essential in order to maintain the
SED, e.g., the desired orientation and distance between divertor null-points. Recent analytic
developments on the SFD configuration parameterization’® demonstrate that the described
variations of the SFD configuration, i.e. the most commonly encountered asymmetric SFD-
minus and SFD-plus configurations (e.g., Fig. 3), can be described mathematically using
just one parameter. This can be combined with new developments in the plasma control
system>3%. A fast numerical algorithm for finding and real-time tracking of the null-point

positions will be implemented in NSTX-U%!.

III. PROPERTIES OF SNOWFLAKE DIVERTOR DISCHARGES

The attainment of steady-state SED configurations in NSTX has enabled a more detailed
study of the core and edge plasma properties. The SFD was found to be compatible with
high core and pedestal confinement and stability, while in the divertor, a significant heat

flux reduction, increase of impurity radiation, and a radiative detachment of the outer strike

9



Snowflake Divertor in NSTX

Standard, Snowflake

n_e (x10M9 mA-3 (a)
/-///_J;".—/’_‘\
0.5+ il

0.0 T_e(0) (keV)

—
oo h~ @

4l BN (c)
2 L 141241 7
o 141240
300
300[ w_mhd (kJ (d)]
100} .
0
5| Divertor Da (a.u;) (e)
0 L)
00 02 04 06 08 1.0 1.2
Time (s)

FIG. 4. Time histories of core and edge plasma quantities in the standard divertor (black traces)
and the SFD (red): (a) Averaged density ne; (b) Central electron temperature T¢; (¢) Normalized

Bn; (d) Core plasma stored energy Wiy (e) Lower divertor total D, intensity

zone were observed. These SFD properties are documented and discussed in this section.
The SFD studies in NSTX were carried out in highly-shaped (k ~ 1.9 — 2.0 and § ~
0.6 — 0.7) discharges with I, = 0.9 MA, B, = 0.4 T, and 4-6 MW of NBI heating. Lithium
coatings evaporated on PFCs in the amount of 80-100 mg per discharge were used for wall
conditioning*?. In this section two H-mode discharges with the standard divertor and the
SFD (same as in Sec. II) are compared. Core and edge diagnostics used in this study have

been described elsewhere (Refs.!>!7 and references therein).

A. Core and pedestal

The SFD was found to be compatible with high confinement plasma operation, with no
degradation in H-mode core performance. Highly radiative and detached divertor operation
is a concern for core plasma performance as high divertor n. and low 7. can lead to an
X-point MARFE formation, degrade the pedestal pressure (by lowering pedestal T.), and

lead to a significant confinement degradation. Shown in Fig. 4 (a)-(d) are the time traces of
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FIG. 5. Time histories of core and edge impurity quantities in the standard divertor (black traces)
and the SFD (red): (a) Total plasma P..4; (b) Central carbon density nc; (c) Pedestal carbon

density n¢; (d) Near-separatrix C III density.

core plasma parameters (7., central T, By, andWy, g p) in the two discharges. Similar high
performance metrics of these discharges, e.g., 7 >~ 50 — 60 ms, Wy, gp =~ 200 — 250 kJ, and
the factor H98(y,2)~ 1 calculated using the TRANSP code, suggested that the snowflake
phase did not have any degrading effect on the core plasma.

The snowflake divertor phase had a profound effect on plasma impurity content. The
ELM-free H-mode standard divertor discharges obtained in NSTX with lithium conditioning
had impurity accumulation leading to high average plasma charge Z.;y < 3 — 4 due to
carbon, and high core radiated power P,,q < 1 —3 MW due to metallic impurities*3#4,
In the initial NSTX snowflake divertor experiment, significant reductions in core carbon
density (concentration) as well as radiated power were noted. In the discussed discharges,

the core plasma radiated power P,,q was reduced by 10-20 % in the SFD discharge. Large

reductions in ne and ne/n. were measured in all SFD discharges, as illustrated in Fig. 5
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FIG. 6. Time evolution of plasma profiles, carbon density (nc(R), first column), carbon concentra-
tion (nc(R)/ne(R) second column), carbon ion temperature (7;(R), third column), and deuterium
ion density (np(R), forth column), in the standard divertor discharge (black traces) and the SFD

discharge (red) at the four times before and during the SFD formation, as discussed in Section IIIB.

and Fig. 6. The reduction was pronounced in the pedestal region (R ~ 139 cm), where
carbon tended to accumulate. The total carbon inventory N, was reduced by 50-70 %. The
observed reduction of carbon in the SFD discharges could be attributed to a number of
factors: modifications to the edge radial impurity transport, modifications to the SOL force
balance that changed parallel carbon transport, as well as the reduction of physical and
chemical sputtering fluxes in the detached SFD, and at the wall. Some impurity reduction
may also be attributed to the particle expulsion effect of large Type I ELMs that appeared
in the SFD phase. While a full analysis of these carbon transport and source mechanisms
is planned and will be reported elsewhere, some preliminary comments can be made. The
steady-state between-ELM carbon profiles shown in Fig. 6 appear to differ from the standard
divertor discharge only by a scaling factor, with insignificant differences in T;(R) and n;(R).
We also note that both the standard divertor and the SFD discharges did not have low

toroidal wavenumber (n) tearing mode activity that was often present in NSTX discharges
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and that could change macroscopic details of impurity profiles. MHD spectrograms based
on the Mirnov coil measurements showed the presence of n = 1 (and sometimes n = 2, 3)
modes early (¢ < 0.5 s) and late (t > 0.95 — 1.0 s) in the discharges, but not during the
comparison period. Impurity transport in NSTX H-mode discharges has been previously
found to be close to neoclassical in the core region p < 0.8 — 0.9%546 being in the Pfirsch-
Schluter regime and driven by VT; and Vn;. The similarity of the nc(R),np(R), and T;(R)
profiles may suggest similar impurity transport in both discharges with a reduced edge
carbon source in the SF'D case. The edge C III density, estimated from C III brightness
measurements, 7T.(r),n.(r) and the Atomic Data and Analysis Structure (ADAS) photon
emission coefficients (as was done in Ref.!?), differed by up to 50 % between the standard
divertor and the snowflake phase (Fig.5 (d)), further suggesting that the edge carbon source
was reduced.

Theoretical analysis of a SFD configuration showed that an increased magnetic shear
inside the separatrix in the SFD configuration can lead to stronger stabilization of ideal MHD
modes?547. While the analysis of the pedestal MHD stability in the NSTX SFD discharges is
deferred to a separate publication, we note that the SFD formation resulted in modifications
to edge stability and led to re-appearance of large Type I ELMs with AW, /Wi ~ 5 — 12
%. In the standard divertor discharge, ELMs were suppressed by means of lithium wall
conditioning®®. As was proposed in Ref.#°, lithium coatings on lower divertor PFCs modified
edge pressure and current profiles and led to low-n peeling-ballooning mode stabilization.
We also note that the enhanced stability of the peeling-ballooning modes in the pedestal
region (and generally an extended second stability region), as well as an H-mode pedestal
regime with reduced Type I ELM frequency and slightly increased normalized ELM energy
were observed in the SFD experiments on the TCV tokamak, where the SFD was obtained

in steady-state by means of six divertor coils?*32.

B. Scrape-off layer and divertor

As in the initial SFD experiment in NSTX that used two divertor coils®, a significant
reduction of divertor heat flux and increase in divertor carbon radiation was observed in
the three-coil SFD. The SFD formation was always followed by a partial detachment of the

outer strike point. In spite of the detachment, high core confinement was maintained for
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FIG. 7. Contour plots of divertor heat flux as a function of time and divertor R in the standard
divertor (a) and SFD (b). CHI gap is a physical gap between divertor target plates where infrared

thermography measurements cannot be performed.

many 7g, up to 500-600 ms. In this section, divertor measurements are compared between
the standard divertor and the SFD, using either the two previously discussed discharges
(standard divertor vs SFD), or the SFD discharge alone, where the standard divertor phase
is compared to the SFD phase. The emphasis in this analysis is given to the dynamics of
previously unavailable steady-state measurements of outer divertor heat flux and radiation
profiles. The inner divertor strike point was on the vertical target (inner wall) in both the
standard divertor and the SFD; however, its conditions could not be fully characterized
because of poor diagnostic coverage of the vertical target region.

A significant heat flux reduction concomitant with the SFD formation was evident in the
two-color infrared camera measurements of divertor surface temperature. Total divertor heat
flux (in the electron and ion channels) was inferred from the calibrated surface temperature
measurements®®! using the THEODOR code® which had a one-dimensional PFC heat

conduction model and a surface layer parameter a = 10000. Shown in Fig. 7 are the contour
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plots of divertor heat fluxes for the standard divertor and the SFD discharges. In the
standard divertor discharge, the outer strike point position drifted outward. The outer strike
point region (with some fine structure likely induced by error fields) was clearly observable.
The standard divertor was characterized by fe,, ~ 20, SOL power width A\, ~ 6 — 8 mm,
and ql‘l’“tersp = 40 — 100 MW /m?. The SFD discharge started in the standard divertor
configuration with high heat flux gpeqr, < 7MW /m? (¢ < 130 MW/m?). The SFD formation
during the time period 0.50-0.70 s was clearly seen in the heat flux data: the heat load
footprint was split between the outer strike point region and the low-flux expansion region
at R = 0.55 — 0.65 m as the secondary X-point approached the divertor floor (i.e., the
configurations shown in Fig. 1 (a) and (b)). In the high flux expansion region, the heat

2

flux profile narrowed and @peqr decreased to gpear < 2 MW /m? at the onset of detachment

around 0.7 s.

Standard divertor Snowflake
W(a) Q_div (MW/m~2)

(b) Div. bolometer (a.u.)
141240

-(d) Div. pressure (mTorr) %

0.2F ]

Balmer 6-2 intensity (a.u.
5.00 *(e) ---- R_div=0.534 m y(@u)

—— R_div=0.368 m NS
0.50 ) AP

.............

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 8. Time histories of divertor quantities in the standard divertor (black traces) and the SFD
(red) discharges: (a) divertor heating power Qg;,; (b) divertor bolometer vertical chord signal
(viewing geometry shown in inset); (c) divertor C II intensity; (d) divertor pressure; (e) Balmer
n = 6 — 2 line intensity in the strike point region Rg;, = 0.368 m, and in the periphery of the high

flux expansion zone Rg;, = 0.534 m.
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The heat flux reduction was a result of the SFD geometry and the g reduction due to
volumetric power and momentum loss processes: impurity radiation, charge exchange, and
recombination. Shown in Fig. 8 are the time traces comparing divertor measurements in
the standard divertor and the SFD discharges. Both discharges had Psor, ~ 3 MW. The
outer target in the standard divertor configuration received g, = 1.8 — 2.0 MW, as shown
in Fig. 8 (a). The quantity Qg, was obtained by a spatial integration of the heat flux
profiles from the IR thermography. During the SFD formation phase, the divertor heat
flux decreased to about Qg, = 1.0 — 1.2 MW. The peak heat flux was gradually reduced
during the SFD formation from 4-7 MW/m? to about 2-3 MW/m?. Divertor radiated
power P,.q4, as illustrated in Fig. 8 by one vertical bolometer chord signal and divertor C
IT emission intensity, gradually increased. Divertor neutral pressure measured by a Penning
gauge®® under the divertor plate remained similar in both configurations (Fig. 8 (d)). This

was somewhat surprising in view of the clear signs of strike point detachment onset. If

FIG. 9. Visible color camera images of entire NSTX plasmas: top panels - the standard divertor

discharge (a)-(d), bottom panels (e)-(h) - the SFD discharge. Images are representative of the
times discussed in the text: 0.360 s - (a), (e); 0.570 s - (b), (f); 0.700 s - (c), (g); and 0.895 s - (d),

(h).
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the divertor brightness increase of the Balmer n = 6 — 2 line is taken as an indication of
the volumetric recombination onset accompanying the detachment (as in previous radiative

divertor experiments!:1733)

, the onset of the partial strike point detachment occurred about
700 ms. Shown in Fig. 8 (e) are two spectroscopic views, one viewing through the X-point
region and the SP region, and another viewing through the 2-3 mm MP flux surface; both
indicated a substantial increase in divertor recombination rate throughout half of the SOL
width. After the partial detachment onset, the peak heat flux decreased further down to
0.5-1 MW /m?, while the total power Qg;, received by the outer divertor decreased to below

1 MW.

In order to separate the effect of the radiative detachment from the SFD geometric effects,
we consider divertor heat fluxes and radiation profiles at four times evaluated between ELMs

in the SFD discharge: 1) before the SFD is formed (standard divertor with fe,, ~ 20) at

(a) Div. heat flux (MW/mA2)
0.36 s - before snowflake |
0.57 s, 0.70 s - forming snowflake |
0.895 s - radiative snowflake

2 - -
B , CHigap >=

A O ©
— T 1

0 .

3  (b) Divertor C Ill A465 nm |
brightness

2

(x10721 ph m”-2 s*-1)

Di\'/ertor C IV' 2581 nm '
brightness
(x10M9 ph mA-2 sA-1)

(c)

141240

03 04 05 06 07
Divertor R (m)

FIG. 10. Divertor profiles at different times of the SFD discharge (a) heat flux; (b) C III brightness;
(c) C 1V brightness
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FIG. 11. Lower divertor surface temperature (upper panels) and magnetic field incidence angle ~y
(bottom panels) in the SFD discharge at the times (a) before the SFD formation - 0.360 s; forming
SFD - (b) 0.570 s and (c¢) 0.700 s; and (d) radiative SED - 0.895 s. The dashed line in the bottom

panels shows the standard divertor angle v at t = 0.360 s from (a) for comparison.
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FIG. 12. Initial UEDGE model results of the standard divertor (black lines) and SFD (red lines):
(a, b) divertor region computation mesh; divertor plate profiles: (c) T¢,T;, (d) heat flux gg;; (e)

particle flux T;.

t = 0.360 s; 2) and 3) - during the SFD formation - 0.57 and 0.70 s, the latter point
just prior to the detachment onset; and 4) - at 0.895 s in the radiative detachment phase.
Quantitative power balance analysis was not possible since full bolometric divertor coverage
was not available. However, spectroscopic measurements of D I, Li I, Li IT and C II, CIII,

C IV visible emissions could be used to elucidate on the P,,q distribution in the divertor

18



Snowflake Divertor in NSTX

region.

True-color visible camera images of entire NSTX plasmas showed the continuous increase
of divertor radiation with the SFD formation. Shown in Fig. 9 (a)-(d) are the full plasma
images of the standard divertor discharge. The orange-red color is representative of the
bright D, line at 656.1 nm, and Li I lines at 610.8 and 670.5 nm. Green and blue color
emissions are dominated by Li II and C II, C III lines. Strong radiation was observed in the
lower divertor strike point regions, while weak radiation was observed in the upper divertor
region and the inner wall gas injection port (visible as a bright gas cloud in the middle of
the center stack). Insidentally, the camera frame shown in Fig. 9 (b) captured a MARFE
(a green emission ring around the center stack) that often occurred in the standard divertor

discharges®.

The SFD images shown in Fig. 9 (e)-(h) clearly demonstrate an increase in
radiation and its spatial extent in the lower divertor region in the SFD formation phase,
and a greater increase in the SFD radiative detachment phase. The visible emission in the
lower divertor was dominated by the bright D, line. Interestingly, in the upper divertor the
color of emission changed from red-orange in the standard divertor phase to blue-green in

the snowflake phase (Fig. 9 (e)-(h)), possibly indicating a higher T, or a stronger interaction
with graphite PFCs.

A large fraction of SOL heat flux in the SFD divertor appeared to be radiated by carbon
impurities. Shown in Fig. 10 are the lower divertor heat flux, C III and CIV brightness
profiles at the times of interest in the SFD discharge: at 0.36 s, 0.57 s, 0.70 s, and at 0.895
s. During the SFD formation the heat flux profile, albeit reduced peak values, showed some
peaking in the separatrix region (R = 0.30 — 0.35 m). The profile became nearly flat in the
radiatively detached snowflake phase, suggesting predominantly radiative surface heating.
Parallel heat flux can be inferred from the heat flux profiles ¢, (Ra) as g = q1/sin(7)),
where v is the angle between the total magnetic field line and the divertor PFC surface. In
the outer strike point region, before the SFD formation ¢ = 100 — 115 MW /m?, while in
the SFD formation phase ¢ = 30 — 80 MW /m?2. This reduction is thought to be a result
of increased heat flux diffusion into the private flux region because of the longer L,, as well
as increased radiated power loss because of the higher divertor volume and lower divertor
T,, as suggested by impurity radiation time traces. After the onset of radiative detachment,
the P,,4 fraction increases further, bringing the parallel heat flux down and also apparently

heating the surface. This is confirmed by carbon radiation profiles measured by divertor
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viewing cameras, as shown in Fig. 10 (b) and (c¢) . The C III and C IV brightness profiles
showed a significant broadening and increase in peak radiation during the SFD formation.
The CII time trace (Fig. 2) also showed an additional increase at about 0.70 ms. As carbon
radiation is maximized at T, < 10 eV, the increase in carbon emission suggested that with
the SF'D formation, the divertor plasma became cooler and denser.

An important limitation of high flux expansion divertors is the shallow angle between
total magnetic field lines and the divertor PFC surface. This suggests the criticality for the
PFC alignment, as misaligned PFC tile leading edges can be overheated, melted or eroded
at a faster rate. The magnetic field line angle ~ 1 — 2° is considered compatible with the
present engineering constraints on the divertor PFC element alignment®. In the NSTX SFD
experiments, the angle v in the SFD outer strike point region was 0.5 — 2°. Temperature
measurements of the lower divertor graphite tile surface, performed by the two-dimensional
IR thermography in the SFD discharges, indicated that tile misalignment was not a concern
at 4 MW NBI heating. Shown in Fig. 11 are the divertor plate temperature distributions
from the IR thermography, and the calculated angles v with respect to the horizontal divertor
target, for the four times of interest before, during, and after the formation of the SFD. As
the standard divertor configuration evolved into the SFD configuration, the divertor surface
temperature, including the SP region, decreased from 500 — 1000°C to 200 — 400°C, and no
enhanced heating of tile edges was observed. Because of the g reduction due to impurity

radiation, the SED operation did not have any adverse impact on PFC tiles.

IV. EDGE TRANSPORT MODEL DEVELOPMENT

To obtain a better understanding of divertor heat transport, power balance and radiation
distribution in the SFD, as well as to enable projections to higher power density devices, a
two-dimensional transport model of the NSTX SFD experiment is developed. In this section,
we discuss the methodology of the model development and initial modeling results of the
NSTX SED obtained with the UEDGE code.

Previously, edge plasma transport modeling confirmed the SFD geometry benefits for
divertor heat load mitigation. Two-dimensional multi-fluid transport models based on the
UEDGE code’® have been created for a number of simulated SFD configurations®”247, The

models demonstrated that (1) the heat flux in the SFD was reduced with respect to the
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standard divertor and the reduction was stronger than just the ratio of the plasma-wetted
areas; it also included the reduction due to increased volumetric losses; (2) the detachment
threshold expressed in terms of the edge n. was lower in the SF divertor in comparison with
the standard divertor. Both modeling conclusions are in qualitative agreement with the

NSTX SFD experiment and motivate the NSTX SFD model development.

The model development for NSTX started with an accurate two-dimensional numerical
mesh that was based on the MHD equilibrium from the experiment®34. Conventional MHD
equilibria calculated on a 64 x 64 mesh lacked the spatial resolution in the divertor null-
point region, so higher resolution equilibria with resolutions up to 121 x 121 were used. The
curvilinear meshes were generated for the standard divertor and for the snowflake-minus
configurations. The divertor region meshes are shown in Fig. 12 (a) and (b). The cells
extend to the divertor plates (which are not shown) and the mesh spans the radial region
Y = 0.95 — 1.04 in normalized flux coordinates. The presence of the secondary poloidal
field null in the divertor region is generally a concern for mesh generation codes. However,
for these asymmetric SFD equilibria, the secondary null point was always outside of the
mesh domain (under the divertor surface in the physical domain). Revisions to the modified
numerical mesh generation algorithm implemented in UEDGE®” may be necessary if a mesh

for an arbitrary two-null geometry (as, e.g., in Fig. 3 (b)-(d) ) is desirable.

The UEDGE code solves the Braginskii transport equations for plasma particles, mo-
mentum, and energy®® and reduced NavierStokes equations for neutral transport. Core
boundary conditions for the NSTX model were defined by Psor ~ 3 MW equally divided
over the electron and ion channels, and the particle flux I';. Radial transport was modeled
by adhoc convection and diffusion coefficients x.; = 0.5 m?/s and D = 0.25 m?/s that
were selected on the basis of previously developed NSTX UEDGE models®®®°. In the ini-
tial transport simulations, nominal NSTX parameters were used. A core-plasma interface
at Yy = 0.95 was assumed having 7, = 120 eV, T; = 120 eV, and n, = 4.5 x 10 m~3
(not yet representative of the experiment). A fixed impurity fraction model with a carbon
concentration of 3 % and the PFC recycling coefficient 0.95 were used. The initial model,
nonetheless, showed many differences between the standard divertor and the SFD cases in
a qualitative agreement with the experiment. Shown in Fig. 12 (c)-(e) is a comparison of
the modeled divertor profiles. The divertor T,,T; were reduced in the high flux expansion

zone of the outer divertor leg, as were the heat and particle fluxes to the divertor plate. The
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simulations indicated a tendency for a colder, denser plasma in the SFD vs. the standard
divertor, however, did not yet indicate the radiative detachment observed in the experiment.
The tendency observed in this initial model was representative of the transition phase be-
tween the standard divertor and the SFD discussed in Sec. IIIB. A further development
of the model will include additional adjustments to the radial transport coefficients and
boundary conditions (primarily the PFC recycling coefficient and the impurity model) to
enable a closer match to the experimental upstream profiles and divertor power and particle
measurements, as has been done for a number of standard divertor UEDGE simulations® 92,
Once plausible models of the standard divertor and the SF'D are obtained, they can be used
to study the impact of external parameters, e.g., higher input power, impurities (including

additional impurity seeding), and cryopumping, as well as geometric factors, on the SFD

conditions.

V. DISCUSSION

Results presented in this paper demonstrate significant benefits of the SFD configuration,
namely, the divertor heat flux reduction via increased plasma-wetted area and volumetric
losses, and edge stability modifications, in agreement with theory predictions. This work
also highlighted the areas for future SFD studies: real-time feedback control of magnetic
configuration, impurity production and transport, edge pedestal MHD stability and ELM
regimes, the role of divertor radiation, and compatibility of the SFD with divertor pumping.
In this section we discuss some of these issues further.

Real-time feedback control of the SFD configuration remains to be one of the critical
issues that has not been tested in the experiment. While conceptually the control of the two
null-point and strike point positions is possible®®3%, the algorithm needs to be implemented
in the PCS, and tested with real power supplies and with electromagnetically induced time-
varying and transient currents. The reported SFD results were obtained in the configuration
classified as an asymmetric snowflake-minus?®, where the secondary null lies close to (or at)
the separatrix on the outer SOL side. Transient snowflake-plus (with the secondary null
point in the private flux region) and ideal snowflake configurations have also been obtained
on NSTX with two and three divertor coils. From the control side, the asymmetric snowflake-

minus might be easier to maintain, as the snowflake-plus and the ideal snowflake appeared
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to be more susceptible to poloidal magnetic flux variations leading to the loss of these

configurations.

More experimental work is needed to clarify the divertor power balance and the sepa-
ration of heat flux reduction effects due to the geometry and volumetric losses. The issue
is important for future discharge scenarios involving the SFD, e.g., in the event when the
SED configuration is lost due to plasma motion, or the partial detachment may not be pos-
sible due to low SOL collisionality. In NSTX SFD discharges, the radiative detachment was
always obtained at or shortly after the SFD formation. Present work leads us to conclude
that during the transition phase to the SFD, divertor dissipative losses were increased con-
tinuously until the partial detachment occurred. The attached SFD (during the formation
phase) reduced steady-state heat flux by 50-60 % and increased divertor P,,; by up to 50
%. The partial detachment brought additional dissipative losses. This results was charac-
teristic of the experiment with Psor, = 3 MW and the divertor geometry (e.g., particular
Ly, fexp, etc); however, an extension to higher SOL power is needed to understand how the
detachment is linked to the SFD effects. Higher power experiments would also clarify the
scaling of heat flux in the low flux expansion zone of the divertor, where volumetric losses
are apparently not as large and where sheath-limited SOL heat transport is expected.

Present SKFD results can be projected onto the divertor heat flux operating space in
NSTX®1563  In previous NSTX divertor experiments g, showed a linear scaling with Psor,

6,15,63

and a weak dependence on n, . Partial detachment of the outer strike point was pre-

viously obtained in NSTX standard divertor discharges using either extrinsic Dy or CDy
puffing!®'7 or in configurations with a low X-point height'®. In standard divertor con-
figurations with SOL power 1.5 < Psor, < 5 MW, the outer strike point detachment did
not occur without gas seeding because of insufficient divertor carbon P,.,; in the compact
NSTX divertor. The SFD magnetic properties affected parallel divertor heat transport in
the near-SOL region by increasing both collisionality and the volumetric losses (via the
divertor volume). This resulted in a partial detachment of the outer strike point, despite
the counter-balancing effect of lithium conditioning that tended to reduce recycling and the
divertor m.. As a result, divertor power density was reduced to 0.5-1 MW /m? at Psor ~ 3
MW. A similar reduction was obtained with extrinsic D, injection in the standard divertor
configuration!®.

One of the core plasma observations with the SFD includes a significant core impurity
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reduction. However, further work is also needed to elucidate on the impurity sputtering
sources and SOL parallel transport in SE'D discharges. Shallow magnetic field line angles in
the divertor could lead to significant plasma-surface interaction effects, e.g.: modifications
of the sheath structure and potential, leading to reduced ion energy F;, reduced secondary
electron emission, ultimately leading to reduced impurity sputtering® . In NSTX exper-
iments, evaporated lithium coatings on graphite PFCs were used, thus both carbon and
lithium must be considered in a full impurity sputtering and divertor radiation analysis. In
a divertor strike point region with 7, < 1 — 5 eV, a significant reduction of divertor car-
bon physical sputtering rates, as well as an improved impurity entrainment in a hydrogenic
plasma flow, are expected'®!"79 72 The role of lithium coatings on carbon sputtering as
well as on divertor radiation should also be clarified. The lithium radiated power cooling
curve peaks at T, ~ 1 eV under coronal conditions, and can extend the peak to higher T,
under the influence of non-coronal effects. Enhanced plasma interaction with the vaporized
lithium region could also be expected at shallow magnetic field line angles.

Experimental results from NSTX, as well as from TCV tokamak, motivate further
snowflake experiment and theory developments aimed at the PMI for future high-power
density devices. In particular, the NSTX Upgrade*! will require a significant PMI devel-
opment to handle the projected steady-state 20-40 MW /m? peak divertor heat fluxes® in 2
MA discharges up to 5 s long with up to 12 MW NBI heating. Future plans for the NSTX
Upgrade include two up-down symmetric sets of four divertor coils for developing upper
and lower divertor snowflake configurations. These configurations are being developed using
the predictive free boundary Grad-Shafranov code ISOLVER, and initial results are very

encouraging.

VI. CONCLUSIONS

Experimental results from NSTX indicate that the snowflake divertor may be a viable
solution for the outstanding tokamak PMI issues. Experiments conducted in 4-6 MW NBI-
heated H-mode plasmas demonstrate that the SFD is compatible with high-confinement
core plasma operation, while being very effective in steady-state divertor heat flux miti-
gation and impurity reduction. Magnetic reconstructions show that the critical divertor

parameters, such as X-point connection length, divertor plasma-wetted area, and divertor
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volume, are all modified in the SFD in a favorable way, as expected from theory. While
the present experiments demonstrated the achievement of these parameters for many core
energy confinement times, i.e., essentially in steady-state, one of the remaining issues is the
magnetic control of the steady-state SFD configuration. Future research on NSTX Upgrade
and other facilities will focus on details of the heat transport and power balance in the SFD,
the SFD operation with active pumping (e.g., Ref.™), the pedestal stability and ELMs, and
the magnetic control of the SFD. Plasma discharge scenarios having lower and upper SFD
are being developed to address the needs of future ST-based devices.

This work was performed under the auspices of the U.S. Department of Energy under Con-
tracts DE-AC52-07TNA27344, DE-AC02-09CH11466, DE-AC05-000R22725, W-7405-ENG-
36, and DE-FG02-04ER54758. The entire NSTX Team is acknowledged for technical and

operational support.
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